Abstract: This paper is an introduction of terramechanics and its application in off-road vehicle mobility prediction. Firstly the concept of terramechanics is introduced. Terramechanics is an important branch of applied mechanics in which the interaction between the vehicle and its operating terrain is studied. Secondly, many well-known techniques in terramechanics, such as Cone Penetrometer technique, Bevameter technique are introduced. By comparing the RCI of soil with VCI of vehicle, trafficability of Off-road vehicle can be determined which predicts the "go/no go" property of vehicle. Furthermore, to predict the speed behavior of off-road vehicle over trafficable terrain, three types of analyzing methods, empirical, semi-empirical, computer-aided, are presented in detail. It is evident that computeraided method is much more efficient in simulating terrain-vehicle interaction and produces more realistic prediction in vehicle mobility. Therefore, it is meaningful to develop computer-aided method to provide engineers with powerful parametric analysis in vehicle performance and design.
Introduction
For vehicles travelling in off-road environment, it is influenced by the terrain condition a lot, such as the soil strength [1, 2, 3] . Especially in some soft soil, the soil strength may be too weak to support the move of vehicle and cause it sink in [4] . To study the overall performance of a vehicle to the terrain, a theory called terramechanics was proposed which is a study of the overall performance of a vehicle in relation to its operating environment-the terrain [5] . It has two main branches: terrain-vehicle mechanics and terrain-implement mechanics. The former one is concerned with the the tractive performance of a vehicle over unprepared terrain; the latter one deals with the performance of terrain-working machinery, such as soil cultivating and earthmoving equipment. Terramechanics plays a significant role in the development and evaluation of off-road vehicle for a given mission and environment [6, 7] .
Continuing interests of the USA, European Union and Russia, as well as programs initiated by China, Japan, India and other nations, in the exploration of the Moon, Mars and beyond, have further stimulated advancements in terramechanics and its applications to the development of extraterrestrial vehicles, including manned and unmanned rovers [8] .
The performance of off-road vehicles includes many aspects, such as the trafficability and speed prediction. The term "terrain trafficability" is commonly used to denote the terrain component of the environment which affects ground vehicle mobility. Take soil as example, its property can be measured by methods proposed in terramechanics which further determines the trafficability of vehicle. For vehicle speed prediction, it is essential to determine vehicle drawbar pull, i.e. the net pulling capability a vehicle would develop for a given value of wheel slip, the first consideration is to compute the soil thrust which provides the tractive effort. Many predictive models and tools have been proposed in the field of terramechanics to calculate the forces developed between running gear of a vehicle (wheels or tracks) and the terrain.
The reminder of this paper is organized as follows. In Section 2, we introduce the concept of terramechanics and its application. The major two measurement methods proposed in terramechanics theory is described in Section 3 which determined the trafficability of vehicle. In Section 4, the analytical speed prediction in terramechanics is presented. We conclude this paper in Section 5.
Concepts of Terramechanics
Powered off-road vehicles have been widely used in agriculture, off-road transportation and military actions since last century. However, few attentions were paid on the study of the principles underlying the development of off-road vehicles until the middle of 20 th century. The proposition of Land Locomotion [9] , Off-the-Road Locomotion and Introduction to Terrain-Vehicle System by Dr. M.G. Bekker is of great importance in systematic research on the principles of land locomotion mechanics. Bekker's work and contributions set up the foundation for a new branch of applied mechanics, which has been well known as "terramechanics".
To study the vehicle performance over terrain, the understanding of terrain behavior under vehicle load is important. Terramechanics is the study of the interaction between the machine (vehicle) and its operating environment (terrain). The aim of terramechanics is providing guidelines for the design and evaluation of offroad vehicles.
In terramechanics, the research is mainly concentrated on identifying the soil properties under vehicle or machine load. Such as the empirical methods for determining soil strength using Cone Index (CI) or Mean Maximum Pressure (MMP) which provide the means to judge the "go/no go" performance of vehicle mobility [10] . A set of test proposed by Bekker known as Bevameter Technique lead to the development of the pressure-sinkage relationship and the tractive effort-slip relationship models . These models developed by Bekker and Wong analyze the soil resistance and thrust effort as functions of soil properties which further allows the speed prediction of track mobility [11] .
Trafficability of Off-road Vehicle
The ability of the terrain to support and provide traction for vehicle operation is called trafficability. In trafficability studies, the emphasis is on the interaction between vehicle and the surface material, whereas mobility considers the entire effects of the terrain, including obstacles and topography, on vehicle operation [12] . The properties of terrain surface material influence off-road vehicle performance a lot, especially for vehicle trafficability.
Classification of terrain in light of its trafficability, i.e. its ability to support vehicular traffic, relies on in situ strength testing. Currently, the cone penetrometer technique and the bevameter technique are widely used in the measurement of the mechanical properties of terrain for the study of vehicle mobility in the field. The selection of the technique for measuring terrain properties is closely related to the method of approach chosen for the study of vehicle-terrain interaction [13, 14] . For a vehicle passing given terrain safely without sinking, the soil strength measured by cone penetrometer must bigger than vehicle cone index [15] . In following section, we will introduce cone penetrometer technique, bevameter technique and vehicle cone index in detail.
Cone Penetrometer Technique
Since Second World War, the USA and European countries take the research of judging the trafficability of vehicle on soft soil as an essential war preparation task. The cone penetrometer technique was originally developed to provide military intelligence and reconnaissance personnel with a simple method for evaluating vehicle mobility and terrain trafficability on a 'go/no go' basis. The cone penetrometer originally developed by the Waterways Experiment Station (WES) is a hand-held mechanical device, as shown in Figure 1 . The hand-held cone penetrometer is a simple instrument designed to give a quick and easily obtained index of soil The principle of operation is as follows: A force recording device named proving ring is instructed on a 1 m long by 1 cm radius lever shaft. A 30 cone with a 323 mm 2 base area is used for soft soils and sands. For harder soils, 130 mm 2 base area with a narrow shaft is used. The force required to press the cone through the soil layers with 3cm/s speed is called the cone index (CI).
CI is the penetration resistance of soil which is determined by a combination of soil strength properties: shear, compression, tension and soil friction. The relationship between cone index and Buckshot clay strength is set up in [20] , shown in formula (1) and (2). The soil type of clay is widely used in WES gear experiments.
where c is coefficient of soil compression;  soil is inner friction angle of soil.
While vehicles usually move in the same ruts repeatedly, the soil will be remolded and the state of soil will be changed, i.e., for fine-grained soils, the soil strength will be weaker. Consequently, a remolding test may be performed. The remolded sample is obtained by subjecting a 50.8-mm radius by 152.4-mm height soil sample contained in a tube. The soil is blowed 100 times by a heavy remolding cylinder with 1.14-kg from a height of 0.3 m. The cone penetrometer gained from this remolded soil is called remolded cone index (RCI). RCI is a measure of the soil response to repetitive loads, such as multiple vehicle passes. The ratio of the RCI to the original CI is called a remolding index (RI), as shown in formula (3) .
From above presentation we know, the original cone index presented the bearing strength of soil surface. The remolding cone index is the minimum bearing strength of fine-grained soil after remolded by repetitive loads. Both CI and RCI are comprehensive index for judging the trafficability of vehicle over soft soils.
Bevameter Technique
Bevameter technique was firstly proposed and developed by Bekker. Based on the premise that the loading condition is similar to those imposed by an off-road vehicle itself, the terrain properties relevant to vehicle mobility can be best measured by machinery [16] . Since a vehicle exerts normal and shear loads on the terrain surface, the bevameter machinery comprises two separate sets, as shown in Figure 2 . One is for shear tests and the other is for penetration tests. In the penetration tests, a plate is used to simulate the contact area of a vehicle running gear and the pressure-sinkage relationship of the terrain is measured.
The size of plate should be comparable to that of the contact patch of a tyre or a track link. In the shear test, the stress-shear displacement relationship at various normal pressures is measured. By the measurement results of stress-shear experiment, the shear stress distribution on the vehicle running gear-terrain interface can be predicted. Plate-soil interaction parameters measured are incorporated in the Bekker-Wong type of semi-empirical vehicle-terrain interaction models. To make use of these models, Bevameter data are required on given soils with corresponding loading surfaces and stresses.
In latter research many refinements are made to original Bevameter machinery, such as the one developed by [17] in which the plate and shear tests components are combined into a single device. By applying kinds of machinery and terramechanics theory, the properties of soils can be measured and empirical or semi-empirical models are set up. To predict the mobility of off-road vehicles, such as the go/no go performance, a thorough testing of terrain strength prior to traversal is needed. Therefore, the need for novel, light weight and convenient testing instruments is highlighted. Figure 2 . The bevameter machinery.
Vehicle Cone Index
A vehicle cone index (VCI) is obtained using a combination of vehicle parameters, such as vehicle weight, dimensions, engine and transmission factors in formula (3). The VCI 50 is representative of the minimum RCI required for 50 passes of the vehicle. A comparison of the VCI and the soil RCI will result in a prediction of whether the vehicle is mobile or not in a particular soil. If RCI of soil is bigger than VCI, the vehicle can go through this terrain, else it will no go. In NATO Reference Mobility Modeling (NRMM) software [18] developed by US Army Waterways Experiment Station (WES), the mathematical relations between engineering characterization of the vehicle and the terrain are set up. For vehicle mobility, Mobility Index (MI) is used to represents a parameter in calculating Vehicle Cone Index (VCI) which includes many traction parameters relating to vehicle characteristics. VCI 1 represents the minimum RCI required for one passes of the vehicle which is a function of vehicle mobility index (MI) and deformation correction factor (DCF) of tire, as shown in formula (4).
The computation of MI is in formula (5) .
where: CPF is contact pressure factor; TEF is traction element factor; WLF is wheel load factor; WF is weight factor; GF is grouser factor; EF is engine factor; TF is transmission factor. These factors are further determined by the parameters of vehicle, such as vehicle weight, total number of tires, width or length of wheel or track, grouser height, single tire section height, engine gross power to weight ratio, single tire outside diameter and so on.
When 
The caculation of DCF is in formula (8) .
where  is single tire hard surface deflection; h is single tire section height (undeflected and highway inflation pressure).
Speed Predictions by Terramechanics

Empirical Methods
Based on the test results of a number of representative vehicles over a range of terrains of interest, many empirical models are set up. These models describe the complex interaction between kinds of vehicles and kinds of terrains which observed by a mass of experiments. Two widely used famous methods are developed by WES and Rowland respectively. The former one applies cone index (CI) to describe the relationship of vehicle and soil which has been described in section 3. As we all know, if RCI is smaller than VCI, the vehicle will be immobilized. When RCI is bigger than VCI, the excess of RCI over VCI determines the performance of vehicle, such as the net maximum drawbar pull coefficient (the ratio of drawbar pull to vehicle weight), maximum slope negotiable, as shown in Figure 3 . In empirical models, the design features of vehicle and operating conditions of terrain are fixed, that is to say, beyond the conditions under which they were derived, empirical models will not work properly. The latter empirical model developed by Rowland uses the mean maximum pressure (MMP) to evaluating the mobility of vehicles. MMP is defined as a criterion for testing the soft ground performance and the vehicle itself. Formula (9) and (10) describe the calculation of vehicle MMP according to its design parameters.
For link and belt tracks on rigid road wheels:
1.26
For belt tracks on pneumatic tyred road wheels:
where W is the vehicle weight, n r is the number of wheel stations in one track, A l is the rigid area of link, b is the track or tyre width, t t is the track pitch, D is the outer diameter of road wheel, f t is the radial deflection of pneumatic tyre under load.
To determine whether a vehicle with specific MMP value can move over a specific terrain, the desired mean maximum pressure for different terrain conditions is shown in table 1. Like empirical model developed by WES, this MMP based empirical model is also limited to certain types of application, such as the similar range of terrains that have been tested for specific types of vehicles. Considering these inherent limitations, entirely empirical approaches are refined to semi-empirical models which provide quantitatively evaluation for vehicle performance over a wide range of operating conditions.
Semi-empirical Methods
In terramechanics, many predictive models have been proposed to calculate the force between running gear of a vehicle and the terrain. The vehicle drawbar pull is the net pulling power under given wheel slip ratio which decides the speed or the towing capacity of vehicle. To calculate this value, the soil thrust and motion resistance should be determined firstly. Terramechanics theory provides semi-empirical models that analyze the wheelsoil interaction dynamics. These models are important in identifying wheel slip and predict vehicle mobility.
Based on Bekker pressure-sinkage theory, if we assume the pressure under track is uniform normal, the sinkage of the track can be estimated using formula (11):
Because of the vehicle weight, the soil under the track will be subjected to vertical deformation and compaction. This causes the compaction resistance R c which is calculated by formula (12).
The soil shear deformation under the action of track or wheel provides the soil thrust F which determines the tractive effort. F is calculated in formula (13) .
Therefore net drawbar pull F d is equal to the difference between the thrust F and the compaction resistance R c .
dc
F F R  (14) where W is the normal load on the track; b is the contact width; l is the contact length; n, k c and k Φ are pressure-sinkage parameters for the Bekker equation; A is the contact area; c is the cohesion parameter; Φ is the angle of internal shearing friction; K is the shear deformation modulus; i is the longitudinal track slip.
Analyzing and simulating the wheel-soil interaction dynamics based on semi-empirical models in terramechanics is important to identify wheel slip and predict the mobility of vehicles on various terrains. The semi-empirical models are more prominent in dealing with varied vehicle parameters and soil conditions [19] . It has been proven useful for semi-empirical models in analyzing the slip and sinkage behavior of the vehicle to generate soil-vehicle interaction parameters after vehicle traversal over terrains. However, to identify the unknown soil parameters outlined in above formula, the semiempirical models require specific tests to investigate the interaction of wheel-soil dynamics. Moreover, these models assume the soil material is generally continuum and homogenous.
Computer-Aided Methods
With the development of computer technology and computational techniques, computers are able to analyze vehicle-terrain interactions by employing numerical modeling methods. By collecting and handling a great quantity of data from different soils and vehicles, the numerical modeling approaches are able to represent more complex scenarios. Therefore when applied to the terramechanics, unlike empirical and semi-empirical methods, computer aided methods can test much more complex scenarios without many simplifying assumptions, and thus the technique can produce more accurate results. A vehicle terrain mobility model is concerned with the overall interaction of vehicle, driver and environment, as shown in Figure 4 . The model includes the environment, such as terrain and atmosphere effect on the vehicle. Accordingly, the vehicle also has effect on environment. The influence between vehicle and driver is also bidirectional. Recently, a number of ground vehicle mobility models for modeling and simulation (M&S) have been developed by many DoD organizations. The NATO Reference Mobility Model II (NRMM) is recognized as the current Army mobility modeling standard.
Finite Element Modeling (FEM) is successful in modeling wheel/soil interaction [20] . In FEM simulations vehicle-terrain models, to achieve high accuracy, actual or predicted soil parameters are needed as input. Compared to familiar Bekker/Wong models used in semiempirical methods, the simulation of soil behavior will utilize more and different parameters and thus increase analyzing accuracy. Discrete element method (DEM) in which the soil material is represented as an assemblage of particles has shown good results [21] . These methods are able to examine certain aspects of the physical nature of vehicle-terrain interaction in great detail.
Paper [14] explicitly describes the terrain-vehicle interaction in four well-known vehicle mobility models in computer-aided methods: ModSAF/SIMNET, CCTT, WARSIM, and NRMM II. Each of these models considers different functional requirements, particular issues in the resolution, accuracy and performance for specific M&S applications. In general, fidelity and performance, i.e. real time, are the basic measures of a terrain-vehicle mobility model.
The application of computing power has generated great improvement in analyzing vehicle-terrain interaction. Moreover, computer graphics algorithms have enabled the vehicle, terrain and driver interaction to be modeled in a virtual multi body simulation environment which is a research hot point in 3-D modeling and combat simulation.
Conclusions
This paper is an introduction of terramechanics and its application in off-road vehicle mobility prediction. Firstly the concept of terramechanics is introduced. Terramechanics is an important branch of applied mechanics in which the interaction between the vehicle and its operating terrain is studied. Secondly, many well known techniques in terramechanics, such as Cone Penetrometer technique, Bevameter technique are introduced. By comparing the RCI of soil with VCI of vehicle, trafficability of Off-road vehicle can be determined which predicts the "go/no go" property of vehicle. Furthermore, to predict the speed behavior of off-road vehicle over trafficable terrain, three types of analyzing methods, empirical, semi-empirical, computeraided, are presented in detail. It is evident that computeraided method is much more efficient in simulating terrain-vehicle interaction and produces more realistic prediction in vehicle mobility. Therefore, it is meaningful to develop computer-aided method to provide engineers with powerful parametric analysis in vehicle performance and design.
